Agonist occupancy of several diverse cell-surface receptors including various muscarinic subtypes leads to a guaninenucleotide-sensitive hydrolysis of phosphoinositides and the generation of diacylglycerol and Ins(1,4,5)P3. Both of these products are believed to act as second messengers, with the latter
INTRODUCTION
Agonist occupancy of several diverse cell-surface receptors including various muscarinic subtypes leads to a guaninenucleotide-sensitive hydrolysis of phosphoinositides and the generation of diacylglycerol and Ins (1, 4, 5) P3. Both of these products are believed to act as second messengers, with the latter interacting with a specific receptor and releasing Ca2+ from nonmitochondrial intracellular sites [1] [2] [3] . There is also increasing evidence that a phosphorylation product of Ins(1,4,5)P3, i.e. Ins (1, 3, 4, 5) P4, may also control Ca2+ homeostasis by controlling Ca2+ entry across the plasma membrane or Ca2+ movement between different intracellular stores [4] .
In recent studies we have used the human neuroblastoma SK-N-SH and particularly its neuronal clone SH-SY5Y as model systems to examine these potential actions of inositol polyphosphates in Ca2+ homeostasis. These cells stably express a single (M3) subclass of muscarinic receptor [5, 6] that is linked to phosphoinositide metabolism and changes in intracellular Ca2+ [7, 8] . In particular, we have recently detailed the characteristics of muscarinic-receptor-induced Ca2+ mobilization and entry across the plasma membrane in intact SH-SY5Y cells and have associated a dramatic early accumulation of Ins (1, 4, 5) PJ mass with the release of the intracellular Ca2+ stores [9] . In the present studies we have extended these observations by assessing the mass accumulation of both Ins (1, 4, 5) 
ATERIALS AND METHODS

Cell culture
SH-SY5Y cells (passages 60-100) were cultured in minimum essential medium supplemented with 2 mM-L-glutamine, 100 units of penicillin/ml, 100 ,ug of streptomycin/ml, 2.5,ug of fungizone/ml and 10 % (v/v) foetal calf serum as described previously [5, 9] . [9] . [3H]Inositol phosphates were separated either by conventional Dowex anionexchange chromatography [10, 11] or by h.p.l.c. [12] . The latter separation was achieved with a Partisil (10 ,um) SAX analytical column, and separation of isomers has been carefully validated by co-elution with authentic 3H-labelled inositol (poly)phosphate standards in separate runs and/or by co-elution with internal 14C-or 32P-labelled inositol phosphate standards [12] .
Measurement of Ins(1,4,5)P3 and Ins(1,3,4,5)P4 mass Assays were performed using radioreceptor methods previously described and evaluated in this laboratory for stereo-and positional specificity [13, 14] . Briefly, intact SH-SY5Y cells (approx. 1 mg of protein), harvested with EDTA (this reduces membrane disturbance and increases reproducibility compared with scrape-harvesting; see [9] ), were preincubated for 5 min at 37 'C. Carbachol was then added for the indicated time periods.
The reaction was terminated, and Ins(l,4,5)P3 and Ins(1,3,4,5)P4
were extracted and neutralized as described above. Ins(1,4,5)P3
and Ins(l,3,4,5)P4 were quantified using bovine adrenal cortical and rat cerebellar binding proteins respectively at 4 'C [13, 14] . 
Data analysis
Data are expressed as means + S.E.M. of at least three determinations. EC50 (half-maximum stimulation) values were obtained by computer-assisted curve fitting using ALLFIT [15] . Where appropriate, statistical significance was assessed by Student's t test and was considered to be significant when P < 0.05.
RESULTS AND DISCUSSION
Previous studies in both the parent SK-N-SH cell and the neuronal clone SH-SY5Y from this [5, 9, 16] and other laboratories [6, 8] (Fig. la) .
The time-related increases in [3H]inositol polyphosphates described above were confirmed and extended by examining two time points (10 and 300 s) using h.p.l.c. (Table 1) (Fig. lb) . As reported previously [9] , carbachol (1 mM) caused a biphasic increase in Ins(1,4,5)P3 mass, reaching a maximal level some 10 s after agonist addition and then declining to a new steady state (above basal) by 1 min, and at 5 min was still significantly (P < 0.05) increased above basal. Omission of Ca2" (+ 0.1 mM-EGTA) from the incubation buffer significantly reduced the plateau phase without affecting the peak Ins(1,4,5)P3 mass. Analysis of peak-to-plateau ratios show that in control cells the plateau was 49 + 4 % of the peak value, whereas in cells devoid of extracellular Ca2+ this value was only 21 + 1% (P < 0.05) (Fig. lc) .
Resting concentrations of Ins(1,3,4,5)P4 in SH-SY5Y cells (approx. 6.1 + 1.2 pmol/mg of protein) are less that those of Ins(1,4,5)P3 in these cells, but are very similar to those we have reported in cerebral cortical slices [14] , and to those reported using a metal-dye technique in HL60 cells [17] and in NG108 cells using a similar receptor assay [18] . Stimulation by carbachol increased the mass of Ins(1,3,4,5)P4 from 6.1 pmol/mg of protein to 47.0 pmol/mg of protein by 30 s, and this accumulation remained unchanged for a further 90 s before declining to 23.3 pmol/mg of protein at 5 min, a level still significantly above basal (see Fig. Id) . The increase observed at 60 s was dosedependent, with maximum and half-maximum stimulation occurring at 1 rnM and 31 +4 ,UM respectively (Fig. lb) [19, 20] } are almost certainly responsible for the release of Ca2+ from intracellular stores [7, 21] . However, the significance of the sustained accumulation of Ins(1,4,5)P3 and Ins(1,3,4,5)P4 in SH-SY5Y cells is unclear. The time course of these responses parallels a phase of Ca2+ entry which has been carefully evaluated in previous studies in these cells [9] . This agonist-sensitive entry of Ca2+ is not mediated by voltagesensitive Ca2+ channels [22] , and we have discussed the possibility of a direct receptor-operated channel (although not involving a pertussis-toxin-sensitive G-protein [23] ) or second-messengeroperated Ca2+ entry [24] . It should be further emphasized that Ca2+ entry in SH-SY5Y cells occurs at lower carbachol concentrations than are required for intracellular Ca2+ mobilization. Furthermore, the EC50 value of carbachol stimulation of Ca2+ entry [9] InsP4 of phosphoinositides has been observed in these cells [16] , and in detailed studies on the parent SK-N-SH cell, Fisher et al. [8] have demonstrated synergism for inositol phosphate generation between Ca2+ in the micromolar range and guanine nucleotides. Our data appear consistent with a direct receptor-operated Ca2+ entry that is separate from intracellular release, as recently established in bovine adrenal chromaffin cells [27] .
